The activity of the muscular lining of the human colon has customarily been measured in terms of phasic variations of the intraluminal pressure, and less commonly in terms of changes in volume of inlying balloons. By such means, alterations of wave patterns have been recorded in abnormal physiological states, after the administration of pharmacologic agents, and in diseases of the colon. Estimates made from such recordings of the tonus or level of sustained contractions of the muscular wall have been widely regarded as unsatisfactory. With such limitations of our knowledge of colonic motility, additional parameters would appear desirable.
(Submitted for publication June 16, 1961; accepted June 7, 1962) The activity of the muscular lining of the human colon has customarily been measured in terms of phasic variations of the intraluminal pressure, and less commonly in terms of changes in volume of inlying balloons. By such means, alterations of wave patterns have been recorded in abnormal physiological states, after the administration of pharmacologic agents, and in diseases of the colon. Estimates made from such recordings of the tonus or level of sustained contractions of the muscular wall have been widely regarded as unsatisfactory. With such limitations of our knowledge of colonic motility, additional parameters would appear desirable.
In the present study, changes produced by distension in the pressure and volume of a segment of the human sigmoid colon were recorded simultaneously. Mathematical analysis of the data has provided measurements of the rate of distension and accommodation of the colonic wall to the stretching force. The relationships of these parameters to muscular activity are indicated by alterations resulting from the action of pharmacologic agents.
METHODS
Apparatus. The apparatus used in these experiments is shown diagrammatically in Figure 1 . Chamber A is a cylindrical water reservoir 45 cm in diameter with an area of 1,590 cm2 at the fluid surface. It is connected by nondistensible Tygon tubing to a latex balloon E. Since during distension of the balloon the height of the water in the large reservoir does not measurably change, the externally applied pressure is held constant. The balloon is so constructed that its maximal resting diameter before application of stretch forces is large. The deflated balloon is 0 cm in diameter and 14 cm long. The filled balloon is 9.7 cm in diameter and 14 cm long, has a volume of 900 cc, and supports pressures of 400 cm of water. Elastic distortion of the balloon is therefore minimal during distension, and the increase in volume during balloon distension is a function of the increase in volume of the viscus segment. Chamber D is an additional water reservoir, and B and C are mechanically operated valves, permitting alternate connection of the balloon with chambers A or D. The diameter of the tubing is 0.5 cm and its entire length is 290 cm. When chamber A and the tubing are connected, with the fluid surface in chamber A 100 cm above the balloon, water flows from the tubing at a rate of 49 ml per second.
Pressure measurements are made with a polyethylene catheter leading from the distal Tygon tubing to a no. P23BB Statham transducer. The transducer and balloon are kept at the same level for zero reference. The transducer's output is led into a pressure amplifier, and the pressures are then recorded on the ordinate of a vector oscillograph (Electronics for Medicine, model PR-7 Research Recording Unit). Water flows through a flow-meter F (Wilson 4S-type electrical recording rotameter) before entering the balloon. The output from the flow-meter is led first into a DC amplifier and then into an integrator amplifier calibrated in terms of the volume of water entering the balloon. The volume measurement is recorded on the abscissa of the vector oscillograph. During the oscillographic recording, time is marked at one-second intervals, which appear as dots on the vector tracing.
Experimental procedure. Subjects of the experiment were eight ward patients convalescing from acute illnesses. Most had had occasional disturbances of bowel function in the past, but none had evidence of disease or current disorder of the colon.
Patients were prepared with low saline enemas, the tube and balloon were filled with water, and bubbles were eliminated. The balloon, collapsed against the tubing, was introduced into the sigmoid colon through a proctoscope, and then connected through the water filled system to reservoir D, where the fluid surface was at the level of the anterior abdominal wall. The balloon tips were placed 40 to 70 cm above the anus for sigmoid studies. The subject was placed in the right lateral decubitus position, and operation of the valves was not visible to him. After an interval of 15 minutes, chamber D was disconnected and chamber A suddenly connected to the system. The level of fluid in chamber A was 100 cm above the balloon. The changes in pressure and volume within the balloon during filling were recorded on the oscilloscope and photographed. The subj ect was instructed to report promptly any abdominal pain occurring during the procedure. At H20 , and dV/dt equals the rate of flow of water into the balloon in milliliters per second. R is related to the resistance offered by the viscus wall to the distending force. A decrease in R would reflect a greater rate of distension. R is not, however, identical to the resistance measurements expressed in an electrical or flow analog, for it is related to the elastic and viscous properties of the bowel wall. These may change during distension, and thus introduce other variables into the relationship. For each distension record, the R values were calculated for one-second intervals and plotted against time. Table I enumerates the pressure, rate of flow, and R values obtained in a single subject (Subject 1) before and after injection of morphine. Seven distensions were performed before and six after injection of morphine. The pressure values tended to be higher and the rate of flow lower than before injection. R was therefore greater after injection of morphine. In Figure 3 , these values are shown plotted against time. The mean values and standard deviations of both series are shown, and graphically illustrate the higher range of R values after morphine.
In Figure 4 , results of three studies performed on a single subject at 1-week intervals are shown. In each study, six distensions taken at 3-minute intervals are plotted. The measurements were No (14 t 00 shown to be very reproducible during the experimental period. Table II records the R values in 12 subjects before and after injection of a pharmacologic agent.
After morphine, the R values were uniformly higher in each subject. After propantheline bromide, they were lower in all subjects compared to the controls. After nitroglycerin and after M 5023, no consistent change was noted.
Measurement of accommodation to distension. The accommodation of the viscus wall to each distension by the balloon was expressed in terms of the pressure and volume changes by P/V = k (Equation 2), where P equals pressure in millimeters of Hg, V equals volume in milliliters of H2O, and k is a function of the accommodation to distension expressed in these terms. For each distension record, the k values were calculated at 1-second intervals and plotted against time. In Table III , the accommodation to distension in Subject 1 is shown before and after injection of morphine. As previously seen, the pressure is uniformly higher and the volume uniformly lower after morphine. Figure 5 shows k for Subject 1 plotted against time. The k values declined during distension, to a value that described the pressurevolume relationship occurring in the area of maximal distensibility.
When these values were plotted semilogarithmically, graphic analysis of the records of all subjects revealed a final component that occurred in the area of maximal distensibility and a pre- 
DISCUSSION
In this study, an attempt was made to develop parameters of measurement that would enable in vivo investigation of certain properties of the human colon. These properties were related to the distensibility of the colon, and to functions that reflected tonus or spasticity of the viscus wall. From measurements Qf pressure and volume, expressions were developed to evaluate the ease of distension during application of the stimulus.
The measurements are complicated by a number of factors that are not included in these in vivo determinations. First, elastic and viscous properties of the colonic wall may change during distension. Second, the most accurate measurement of the distending pressure on the bowel wall would be made with a determination of transmural pressure, the difference between intraluminal and intraperitoneal pressure. The intraperitoneal pressure would be expected to be small compared to the intraluminal pressure applied; the intraperitoneal pressure, however, could rise during application of the distension stimulus, thus decreasing the pressure gradient. If, in these measurements, the accommodation to distension were maximal, volume would increase maximally and pressure minimally. If accommodation to distension were minimal, then pressure would change maximally and volume minimally. The pressurevolume relationship recorded enabled instantaneous measurement of these factors.
In this study, morphine increased the pressurevolume relationship during distension. This effect appeared to be related to an increase in the initial state of contractility or tonus of the muscular fibers of the viscus wall, without any change occurring in the rate at which the viscus was able to distend and accommodate to the applied stimulus. In other studies, administration of morphine produced a decrease in propulsive activity and a tonic spasticity of the intestinal musculature (1) . Both of these effects are related to the constipating activity of morphine. Further studies of the pressure-volume relationships in the presence of constipation due to the action of other drugs and, to the irritable-colon syndrome would be of interest to determine similarities to or differences from the findings obtained with morphine.
The decrease in the pressure-volume relationship after propantheline agrees with previous finding related to this group of agents, which cause a decrease in tone and in amplitude and frequency of peristaltic contractions in the colon (2) . With the present method, it should be possible to study the in vivo effects and to quantify the effects of other pharmacologic agents on these functions in human subjects.
The term "accommodation" has been given to the ability of tissues to react to potentially harmful stimuli so as to preserve their normal viability (3) . The accommodating response of the colon to the distending force has been thought to be greater with stimuli of low intensity and to be associated with the prevention of pain and tissue damage (4) . In the present study, the onset of visceral pain was not associated with any absolute levels of pressure or volume. It was, however, associated with a sudden increase in pressure without corresponding increase in volume, near the limit of maximal distensibility of the viscus. The findings here would, therefore, appear to agree with the possibility that pain occurs when the stretching force applied to the muscular fibers is great, and pain could be associated with a warning of potential or beginning tissue-damage. With more data, the point of onset of visceral pain could be defined more accurately in terms of these derived functions.
The vector curves of pressure and volume obtained in this study are similar to pressure-volume curves seen after distension of the urinary bladder in animals (5), in which similar pressure levels, from 10 to'40 mm Hg, were employed and phases I to III were also seen. In the urinary bladder studies, changes in the pressure-volume curves and bladder tone were shown after section of the hypogastric nerves (6). The vector curves and the functions derived in the present study from the pressure, flow, and volume measurements should also be expected to be useful in recording alterations in physical properties of the intestinal wall occurring in a variety of disease states, as well as in evaluating the effects of therapeutic agents on the intestine.
SUMMARY
The motility of the human colon, customarily measured in terms of spontaneous phasic varia-tions in intraluminal pressure, has been further defined in terms of an intraluminal pressure-volume relationship. During distension with water of a balloon lying in a segment of sigmoid colon, pressure, volume, and rate of flow of water into the balloon were measured simultaneously with strain gauge and flow-meter, respectively. The outputs of these instruments were fed into a vector oscilloscope, permitting mathematical analysis of these relationships at various stages of distension. Elastic distortion of the balloon was minimal, since its diameter was larger than the maximal diameter of the viscus.
In the colons of normal subjects, morphine increased and propantheline decreased the resistance of the viscus to distension. These drugs did not, however, alter the rate of accommodation to distension. Visceral pain was noted only when the limit of distensibility of the viscus was approached.
This new parameter of intestinal motility, reflecting sustained as opposed to phasic contractions, is expected to be useful in recording the alteration in physical properties of the intestinal wall in a variety of disease states, as well as in evaluating the effects of therapeutic agents on the intestine.
